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Abstract 
 

The nucleating proportions of super-elastic martensitic transformation in Cu-Al-Ni shape 
memory alloy single crystal was estimated by the acoustic emission (AE) method utilizing 
numerical simulation in finite element method (FEM). The AE source location was estimated 
clearly from the distribution of stress calculated by static implicit FEM. And the AE waveform 
was simulated by dynamic explicit FEM to decide the AE parameter related to AE source 
proportion. From the AE waveform simulation, it was confirmed that the wavelet coefficient of 
the early AE waveform at specific frequency includes only S0 mode Lamb wave, and shows 14 % 
differences as largest value by changing of AE source location along in-plate of 1.8 mm 
thickness. The effects due to AE source conditions such as the behavior of rise time and the peak 
force were also considered by the AE waveform simulation. Reviewing the AE signals from 
actual super-elastic martensitic transformation in Cu-Al-Ni shape memory alloy single crystal 
with the threshold provided with consideration by above FEM simulation, the similar tendency 
was shown in three shapes of specimen with differences of the thickness or the stress 
concentration. As a result, it was estimated that there is not relationship between the proportion of 
martensitic nucleation and stress concentration or large area for martensitic transformation. It 
estimated that there is one kind of nucleation of the super-elastic martensitic transformation. 
 
Introduction 
 

Acoustic emission (AE) is defined as the ultrasonic wave phenomenon due to rapid release of 
strain energy in the solid materials. AE analysis has the possibility to conduct the monitoring of 
material behaviors such as martensitic transformation, micro cracking or some kinds of dynamic 
phenomenon. We aim at the extension of AE method for certain and qualitative analysis that can 
adapt to materials research field. In the past, AE waveforms due to two types of martensitic 
transformation during tensile deformation of Cu-Al-Ni shape memory alloy single crystal were 
investigated by the modified Takashima’s method and the experimental AE simulation with shear 
vibration transmitter [1-3]. The martensitic transformation in Cu-Al-Ni shape memory alloy 
single crystal shows bulky and stable AE signals that are appropriate for the case study of 
material behavior from AE approach. The source rise time and dynamic behavior of nucleation or 
growth development of two kinds of martensitic transformation were estimated. However, we 
still have no confirmation concerning the proportion of this AE phenomenon during the 
martensitic transformation in Cu-Al-Ni shape memory alloy single crystal. Previously the volume 
of stress corrosion cracking was measured accurately by conducting the experimental Lamb wave 
simulation with longitudinal vibration transmitter [4]. Furthermore, the right relationship between 
increasing rate of martensitic transformation and squared root mean square (RMS2) value of AE 
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waveform was shown in the case of steel welding process [5]. Nevertheless, we could not 
investigate the proportion of martensitic transformation in Cu-Al-Ni shape memory alloy single 
crystal based on the methods in two reports above-mentioned. Because the AE wave mode is 
comparatively complex reason why the martensitic transformation in shape memory alloy during 
tensile deformation shows shear behavior as the AE source and the single crystal specimen made 
by Bridgeman method is comparatively small for elastic wave medium. 

We prepared three shapes of Cu-Al-Ni shape memory alloy that also single crystal specimen 
will show the proportion differences of martensitic transformation in growth step. This growth 
differences were monitored and analyzed in previous report [6]. In this study, we attempted to 
investigate the proportion differences of the martensitic nucleation. The specimens are the arc-
narrowed type with thickness t=1.8 mm, the arc-narrowed type with thickness t=0.6 mm and the 
notch-narrowed shape with thickness t=1.8 mm that generates super-elastic martansitic 
transformation, β1→β1’ phase transformation, during tensile deformation. The notch-narrowed 
type specimen has higher stress concentration than arc-narrowed type specimen. However, it is 
thought that the propagation behavior of AE wave will be complex and changed with AE source 
location especially in thickness of specimens. Therefore, we utilized the AE waveform simulation 
by the finite element method (FEM) for calibration and definition of the AE parameter that can 
decrease the effect of AE source location especially in thickness direction with showing respect 
to authors of reference [4]. Applying the general-purposed software for FEM, we can conduct the 
AE waveform simulation easily with the proper meshing of AE medium and modeling of AE 
source condition. Before conducting AE waveform simulation, the stress concentration and 
distribution were also observed utilizing FEM to identify clearly the AE source location. The 
simulation results had the validity of the Lamb wave at specific frequency for AE parameter that 
includes the information of AE source proportion. And next, the AE signals were detected from 
the actual martensitic transformation in respective three shapes of specimen by tensile 
deformation. We applied the results of FEM simulation to the experimental results with the 
calibrated AE parameter and discussed about the proportion of martensitic nucleation stage. The 
results showed the similar appearances of AE signals due to martensitic nucleation in three 
shapes of specimen. 
 
Methodology 

 
Preparation of specimen 

The specimen prepared in this study is the shape 
memory alloy single crystal with material composition of 
Cu-14.1wt%Al-4.1wt%Ni. These materials were melted 
and casted into a high-frequency induction furnace under 
argon atmosphere. A single crystal of the Cu-Al-Ni alloy 
was grown to (001)[100] on the surface direction and the 
tensile direction respectively, using the Bridgman method 
at a pulling rate of 32 mm/hr. To generate the martensitic 
transformation by tensile deformation in room 
temperature, it was solution treated at 1273 K for 1 hour 
and quenched into water at room temperature in order to 
keep the β1 matrix phase. The Ms and Af temperature was 
around 250 and 280 K, respectively. The specimen was 
formed to three kinds of narrowing shapes at center by 
electric discharge machining and polishing for tensile 
testing as shown in Fig. 1: arc-narrowed shape with 
thickness t=1.8 mm, arc-narrowed shape with thickness 
t=0.6 mm and notch-narrowed shape with thickness t=1.8 mm. The two circles show the AE 

Fig. 1. Shape of specimens used 



   

 
sensor (Fujiceramics M5W, diameter d=5 mm) position. The specimens showed the stress 
relaxation, super-elastic effect, with appearance of the large martensitic habit plane on surface 
when tensile stress was applied. The martensitic habit plane on the arc type specimen with t=1.8 
mm, the arc type specimen with t=0.6 mm and the notch type specimen with t=1.8 mm were 
inclined by 45°, 15° and 15° respectively from the horizon at front surface of the specimens. 
From the surface trace analysis, it was confirmed that only the β1→β1’ phase transformation 
occurred. Therefore, it was thought that the martensitic nucleation was made clear only through 
appearances of martensitic habit plane.  

 
Simulation of AE source location and AE waveform by finite element method 

We utilized the commercial general-purposed FEM software “DEFORM” (static implicit 
scheme) and “ANSYS / LS-DYNA” (dynamic explicit scheme) to determine the AE source 
location and simulate the AE waveform. The finite element models of three specimens were 
created in each softwares. The models were designed by the arrangement of hexahedral elements 
with 0.05 to 0.10 mm or 0.10 to 0.50 mm edges shown as top of Fig. 1. 

It is estimated that the beginning of super-elastic martensitic transformation, nucleation of 
martensitic transformation, will generate at the range of highest stress. There will be the location 
of AE sources at the sectional part of specimens. In order to make clear the concentration and 
distribution of the stress, we conducted FEM in 
DEFORM first. And next, we carried out the AE 
waveform simulation using ANSYS / LS-DYNA. For 
decreasing the numerical computation load, the upper 
half and the 7 mm part from bottom of the model were 
removed in the case of ANSYS / LS-DYNA. The non-
reflecting nodes were set on the top and bottom 
surface and we took account of the simulated AE 
waveform until the arrival of reflected waves 
considered by actual distance of AE sensor to bottom 
surface. Fig. 2 shows the sketch of AE waveform 
simulation. To simulating the shear behavior of AE 
source due to super-elastic martensitic nucleation, the 
load “F” in time function with 0.05 to 2.50 µs rise time 
and 0.01 to 0.10 N peak load was added along the 
martensitic habit plane direction to one of node 
decided by the simulation for AE source location. The 
simulated AE waveforms were obtained as the sum of 
the stress velocity along z-direction (thickness 
direction) at the positioning range of AE sensor. 
 
AE monitoring of the martensitic nucleation 

The AE waveforms generated due to actual super-elastic martensitic transformation during 
tensile deformation were detected using typical AE monitoring setup. We attached two AE 
sensors (Fujiceramics M5W, d=5 mm) separated by 20 mm from the specimen center. AE 
measurements have been conducted using a 2-channel AE monitoring system to discriminate the 
gripping noise due to tensile testing machine. The AE threshold level was set to 50 dB. Detected 
AE signals were amplified 40 dB through a band pass filter of 100 Hz to 20 MHz (NF 9913). 
Finally AE waveforms were sent to the digital multi recorder (Keyence GR-7000) in the sampling 
time of 50 ns. Tensile test was conducted in room temperature by using instron type tensile 
testing machine (Shimazu AG-5000B) with 0.02 mm/min cross head velocity.  
 
 

Fig. 2. Planning sketch of 
AE waveform simulation 



   

 
Simulation results and verification of the criterion for AE signal 
 
Determination of AE source location 

Fig. 3 shows the simulated stress distribution of three shapes of specimens in DEFORM. The 
colored figure shows the 3-dimmensional appearance and cross sectional appearance at center of 
specimen when static stress was applied. In this 
simulation models, the origin were put at the center of 
narrowest part. The graphs in Fig. 3 show also stress 
distribution in value. The color level bar and vertical 
axis of the graph indicates the effective stress that was 
normalized by each maximum value, normalized 
effective stress=σ/σmax. From the calculation of 
numerical results, notch type specimen shows 2.5 
times higher stress concentration factor than the both 
arc type specimen. It is the similar result with the 
Neuber’s theory. Reviewing the results of simulation, 
each side of the narrowest part accumulated higher 
stresses in all of specimens. Especially, the origin 
shows maximum stress value. Along x-direction, the 
stress decreases exponentially by increasing distance 
to center of the specimen. However along z-direction 
(thickness direction), to front surface of the specimen, 
there are not larger changes by increasing distance 
than x-direction case. Therefore until elastic limit, it 
can confirm clearly that the AE sources, the 
nucleation of the super-elastic martensitic 
transformation, generate at an origin and side of 
specimen along z-direction. 
 
Simulation of AE waveform 
and definition of AE parameter 

From the above simulation result, we estimated 
that the AE source due to martensitic nucleation was 
located at an origin in Fig. 3 and along z-direction 
(thickness direction) through the origin. We carried 
out the AE waveform simulation in ANSYS / LS-
DYNA with estimated AE source location. Fig. 4 
shows the simulated AE waveform of the arc type 
with t=1.8 mm and the contour map of wavelet 
transform. The AE source condition was set with the 
rise time of 0.05 µs and the peak force of 0.01 N 
located at origin. The curves on the wavelet contour 
map show group velocity dispersion of the Lamb 
wave in this time range. The AE waveform was cut at 
6.3 µs and treated by 12.5 % cosine taper window for 
avoiding the arrival of A0 mode Lamb wave and 
reflected wave. The S0 mode Lamb wave should show 
smaller changes than another mode Lamb wave, especially A0 mode Lamb wave, by AE source 
location changes in plate thickness [7]. For consideration of AE parameter that reflects AE source 
proportion, we paid attention to the S0 mode Lamb wave and the sensitivity of AE sensor used, 
Fujiceramics M5W. Fig. 5 is the sensitivity of our M5W (serial No. 0273) obtained and published 

(a) Arc type, t=1.8 mm 

(b) Arc type, t=0.6 mm 

(c) Notch type, t=1.8 mm 
 

Fig. 3. Simulated stress distribution 
of three specimens 



   

 
during producing by the company. The wide and flat range of M5W, 1 MHz to 4 MHz, cannot 
use because of the frequency characteristics of arrival S0 mode Lamb wave. With consideration to 
observing the AE source proportion, we choose a sensitivity peak at 240 kHz for receiving only 
S0 mode Lamb wave strongly in actual experiment. Therefore, the AE monitoring frequency was 
fixed in 240 kHz. As the AE parameter, we selected the WT energy of the waveform until 6.3µs 
at 240 kHz to observe AE source proportion. It means the dimension made by WT coefficient-
time relationship area in middle of Fig. 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

First, we conducted the AE waveform simulation in z-direction changes of the AE source 
location. The AE source was set with the rise time of 0.05 µs and the peak force of 0.01 N. Fig. 6 

Fig. 5. Sensitivity of AE sensor 
used (M5W No.0273) 

Fig. 4. Simulated AE 
waveform and wavelet contour 
map with projection at 240 kHz 

(arc type, t=1.8 mm) 

Fig. 7. Relationship between 
the AE source rise time 

and WT energy at 240 kHz 

Fig. 6. Relationship between AE 
source location along z-direction 

and WT energy at 240 kHz 

Fig. 8. Relationship between 
AE source peak force and 

WT energy at 240 kHz 



   

 
is the results of three shapes of the specimen that shows the relationship between the changes 
ofAE source location along z-direction and WT energy at 240 kHz. All WT energy was 
normalized by each minimum value. When the AE source was located at an origin, it has 1.048, 
1.032 and 1.142 times difference with minimum value in the case of arc type with t=1.8 mm, arc 
type with t=0.6 mm and notch type with t=1.8 mm, respectively. The increasing behavior at 
surface location is thought as the effect due to surface wave, but there is the decreasing tendency 
in all over results. These changes were thought as the effects by the AE source direction and the 
peculiar shape of specimen. However the largest monitoring errors are 4.8 %, 3.2 % and 14 % in 
each specimen, respectively above mentioned. 

Next, we fixed the AE source location at origin and 
changed the AE source proportion in parameter of rise 
time or peak force. From our past research, the 
nucleation behavior of super-elastic martensitic 
transformation in Cu-Al-Ni shape memory alloy single 
crystal was estimated with the distributed rise time until 
about 2.50 µs [2]. Therefore, we simulated the AE 
waveforms by rise time changing from 0.05 to 2.50 µs 
at origin location. Fig. 7 shows the simulation results of 
respective three specimens, the relationship between the 
rise time of AE source and the normalized WT energy 
at 240 kHz. The input peak force of AE source was 
constant. It is thought that the dimension made by rise 
time and peak force has the positive correlation with 
AE source energy and AE wave. Such relationship was 
seen in the stage of the shorter rise time in Fig. 7. 
However, the WT energy values became steady around 
1.8 µs and decreased gently in all specimens. It was 
thought that the larger rise time makes not enough AE 
source behavior from the dynamical viewpoint. The 
maximum WT energy rate with rise time changes of the 
arc type with t=1.8 mm, the arc type with 0.6 mm and 
notch type with t=1.  8 mm was 11.0 at 1.8 µs, 7.86 at 
1.7 µs and 12.6 at 1.7 µs, respectively. Moreover, we 
investigated about changes of the AE source peak force 
on this simulation. In this case, the rise time was set to 
0.05 µs and the location of AE source was fixed at the 
origin. The results of simulation in Fig. 8 show the 
relationship between the changes of AE source peak 
force and the normalized WT energy. It has completed 
linear relationship. Considering this linear relationship 
between the peak force and the WT energy, we can 
revise the simulation results of Fig. 7. The relationship 
in Fig. 8 expands simply the results of simulation in 
Fig. 7 that is added the effect of peak force changes. 
Fig. 9 shows the results. The broken borderline 
indicates the maximum WT energy rate above 
mentioned. In this figure, the horizontal axis was 
revised from rise time of AE source to proportion of AE 
source, the dimension made by rise time and peak force 
of AE source. And the values were normalized by 
minimum case. Therefore, we can classify the AE 

(c) Notch type, t=1.8 mm 
 

Fig. 9. WT energy changes 
due to rise time and peak force 

of AE source 

(b) Arc type, t=0.6 mm 

(a) Arc type, t=1.8 mm 



   

 
source with large proportion obviously when the normalized WT energy got over the broken 
borderline as the criterion threshold value. Moreover, for considering the errors in the peculiar 
shape of specimens, the criterion threshold value was multiplied by largest monitoring errors of 
1.048, 1.032 and 1.142. Therefore, we provide the criterion threshold value to 11.0×1.048=11.5, 
7.86×1.032=8.11 and 12.6×1.142=14.4 for arc type with t=1.8 mm, arc type with t=0.6 mm and 
notch type with t=1.8 mm, respectively, to classify the obviously large AE source proportion. 
 
Experimental results and nucleation of martensitic transformation 
 

During tensile testing of three types of specimens, the precedence martensitic habit planes 
were observed until stress relaxation at a point in elongation around 0.25 mm, 0.15 mm and 0.25 
mm on the load-elongation curve of the arc type 
with t=1.8 mm, the arc type with t=0.6 mm and 
the notch type with t=1.8 mm, respectively. The 
AE signal source until this range means the 
martensitic nucleation. The burst type AE 
waveforms were observed due to nucleation of 
the super-elastic martensitic transformation in 
Cu-Al-Ni shape memory alloy single crystal 
during tensile deformation. The cumulative AE 
event count with the load-elongation curve 
concerning three shapes of specimen was shown 
in Fig. 10. The cumulative AE event counts were 
shown as the percentage as the total of 
cumulative AE event count is 100 %. The WT 
energy at 240 kHz of detected AE waveforms 
were normalized with minimum value in the one 
of experiment and classified with the criterion 
threshold values, under or over 11.5, 8.11 and 
14.4, verified in above FEM simulation. 

The result of arc type with t=1.8 mm has the 
52.5 % nucleation with small proportion and 
47.5 % nucleation with large proportion in total 
AE event. In the case of the result in arc type 
with t=0.6 mm, there is 47.4 % nucleation with 
small proportion and 52.6 % nucleation with 
large proportion. The similar increasing behavior 
was also observed in these four cumulative AE 
event counts. It is estimated that the AE source 
phenomena, martensitic nucleation, is not change 
by the each thickness of specimen. Therefore, it 
is thought that the martensitic nucleation does 
not show large differences by the area for 
martensitic nucleation. And then, in the case of 
notch type specimen, the result has 48.1 % 
nucleation with small proportion and 51.9 % 
nucleation with large proportion. It is confirmed 
clearly that notch type specimen with t=1.8 has 
the similar tendencies to generate the martensitic 
nucleation with large stress concentration. 

(b) Arc type, t=0.6 mm 

(a) Arc type, t=1.8 mm 

(c) Notch type, t=1.8 mm 
Fig. 10. Cumulative AE event 

counts due to martensitic 
nucleation 



   

 
It is known well that the driving force of martensitic transformation is decided by the free 

energy difference of the austenitic phase and the martensitic phase [8], and it is thought that the 
magnitude of driving force controls energy level of martensitic transformation. The free energy 
difference is related to temperature. And the stress also concerns to makes the free energy 
difference in the case of the martensitic transformation in shape memory alloy [9]. Fig. 11 shows 
the schematic relationship between the temperature or the stress and the free energy of austenitic 
and martensitic phase. We consider only the stress for super-elastic martensitic transformation in 
this study because of the tensile test of this study was conducted in constant room temperature. It 
is thought that the similar martensitic nucleation was generated with the differences between 
shapes of specimen, especially two kinds of narrowing parts. From the simulation results of stress 
distribution, the notch type specimen had 2.5 times higher stress concentration factor. For 
example of the typical continuous cooling transformation (CCT) curve, it is thought that the high 
cooling rate works dynamically to generate larger 
martensitic transformation. However, It was 
estimated that the results in this study are not 
made the relationship between the stress 
concentration and the proportion of martensitic 
nucleation. Therefore, we conclude the discussion 
that the nucleating proportion of super-elastic 
martensite has the constant nature, regardless of 
the stress concentration or the range for 
martensitic transformation. 
 
Conclusion 
 

We conducted the FEM identifying the AE 
source location and AE waveform behavior in 
three shapes of Cu-Al-Ni shape memory alloy 
single crystal. Considering the results of FEM, 
the criterion threshold value to classify the 
proportion of martensitic nucleation was provided 
and applied to experimental results.  
 

1. The simulated S0 mode Lamb wave by FEM showed 14 % maximum error in WT energy 
value at specific frequency by AE source location along thickness direction in the case of 
the small specimens used. 

 
2. The WT energy at specific frequency increased with increase of the rise time of AE source, 

but decreased gradually in the longer source rise time. The relationship between the changes 
of AE source peak force and the WT energy has linear relationship. 

 
3. From experimental results of three shapes of specimen, the proportions of the martensitic 

nucleation were classified by criterion defined in FEM. The three shapes of specimen with 
differences of thickness or stress concentration factor shows similar tendency of martensitic 
nucleation. It was thought that the martensitic nucleation has the constant nature. 

 
 
 
 
 
 

Fig. 11. Driving force of martensitic 
nucleation and transformation [9] 
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